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2010 FORMING A HETEROEPITAXIAL STACK OF n - DOPED MATERIAL AND P - DOPED MATERIAL 
ARRANGED ALTERNATINGLY WITH A SACRIFICIAL MATERIAL ON AN SOI SUBSTRATE 

2015 
PATTERNING THE HETEROEPITAXIAL STACK 

2020 
DEPOSITING A DUMMY GATE OXIDE LAYER , A DUMMY GATE , AND SIDEWALL SPACERS 

PERPENDICULARLY OVER THE PATTERNED HETEROEPITAXIAL STACK 

2025 
REMOVING THE SACRIFICIAL MATERIAL FROM THE HETEROEPITAXIAL STACK 
LEAVING SPACED LAYERS OF n - DOPED MATERIAL AND P - DOPED MATERIAL 

2030 
FILLING AREAS ADJACENT TO THE DUMMY GATE AND OPEN AREAS RESULTING FROM 
REMOVAL OF THE SACRIFICIAL MATERIAL WITH DIELECTRIC ISOLATION MATERIAL 

2035 
REMOVING THE DUMMY GATE AND THE DUMMY GATE OXIDE LAYER 

2040 FORMING A GATE DIELECTRIC 

2042 
DEPOSITING A WORKFUNCTION METAL ON THE GATE DIELECTRIC 

2045 
DEPOSITING A METAL GATE MATERIAL OVER THE WORKFUNCTION METAL 

2050 FORMING FIRST AND SECOND CONTACT FORMATIONS WITH THE DEVICES 

FIG . 20 2000 
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THREE - DIMENSIONAL STACKED device ; a first set of contacts extending to the p - doped 
JUNCTIONLESS CHANNELS FOR DENSE material of the junctionless PFET device ; a second set of 

SRAM contacts extending to the n - doped material of the junction 
less NFET device ; a voltage ) input contact extending to the 

CROSS REFERENCE TO RELATED 5 inverter gate ; and a wordline contact extending to the 
APPLICATION passgate . 

In another aspect , a method comprises forming a het 
This patent application is a divisional patent application eroepitaxial stack of layers of a p - doped material , an 

of copending U . S . patent application Ser . No . 15 / 603 , 572 , n - doped material , and a sacrificial material ; patterning the 
filed May 24 , 2017 , the disclosure of which is incorporated 10 heteroepitaxial stack : forming a dummy gate on the pat 
by reference herein in its entirety . terned heteroepitaxial stack ; forming sidewall spacers on the 

dummy gate ; removing the sacrificial material from between BACKGROUND the layers of p - doped material and n - doped material ; depos 
Static Random Access Memory ( Static RAM or SRAM ) 15 iting a dielectric isolation material adjacent the sidewall 

is a type of semiconductor memory that uses bistable spacers and between the layers of p - doped material and 
latching circuitry ( flip - flop circuitry ) to read , write , or store n - doped material ; removing the dummy gate to form a gate 
one bit of data . Each of the two stable states characterize opening ; removing the dielectric isolation material from 
values corresponding to “ O ” and “ 1 . " The one bit of stored between the layers of p - doped material and n - doped mate 
data is held in a static form and is considered volatile in the 20 rial ; depositing a gate dielectric on surfaces in the gate 
sense that the data is lost when the memory is no longer opening and on the layers of p - doped material and n - doped 
powered material under the gate opening ; depositing a workfunction 

In an SRAM cell , an arrangement of transistors is used to metal on the gate dielectric ; filling the gate opening with a 
carry out the read , write , and store operations . For example , fill metal ; and forming contacts to the layers of p - doped 
in a six transistor ( 6T ) SRAM cell , a core is formed by two 25 material and n - doped material . The deposited gate dielectric 
pairs of transistors , each pair forming an inverter , in which on the layers of p - doped material and n - doped material and 
the output potential of each inverter is fed as the input the deposited workfunction metal define junctionless field 
potential to the other inverter to form a feedback loop that effect transistor devices . 
stabilizes the inverters to their respective states . The invert 
ers allow for the storage of the one bit of data . The other two 30 BRIEF DESCRIPTION OF THE SEVERAL 
transistors are access transistors that provide access to the VIEWS OF THE DRAWINGS 
stored data for the read and write applications . The access 
transistors are each coupled to a word line and bit lines . The foregoing and other aspects of exemplary embodi 
Upon the application of voltages through the word line and ments are made more evident in the following Detailed 
bit lines , the states of the inverters and access transistors are 35 Description , when read in conjunction with the attached 
switched on or off , thus directing the SRAM cell to read , Drawing Figures , wherein : 
write , or store data . FIG . 1 is a cross - sectional view of one exemplary embodi 

The transistors may be arranged using three - dimensional ment of an SRAM unit cell having junctionless channels ; 
stacking schemes to increase the densities of the architec - FIG . 2 is a top view of one exemplary embodiment of a 
tures that form the SRAM cells . However , these stacking 40 portion of an inverter for a sub - cell of the SRAM unit of 
schemes generally employ wafer stacking or SIMOX pro FIG . 1 ; 
cesses ( separation by implantation of oxygen ) . Such stack - FIG . 3 is a top view of one exemplary embodiment of the 
ing or SIMOX processes are typically costly and do not inverter of FIG . 2 with a passgate forming a sub - cell of the 
permit tight vertical stacking to form logic gates and SRAM SRAM unit of FIG . 1 ; 
cells having the desired densities 45 FIG . 4 is a schematic representation of reciprocally 

oriented configurations of two SRAM sub - cells ; 
BRIEF SUMMARY FIG . 5 is a schematic representation of the two SRAM 

sub - cells of FIG . 4 with M1 metal layers disposed on the 
In one aspect , a structure comprises a first channel region wordlines and on the grounds ; 

forming an n - channel device ; a second channel region 50 FIG . 6 is a schematic representation of the two sub - cells 
forming a p - channel device , the p - channel device being of FIG . 5 with M2 metal layers disposed across the M1 
stacked with the n - channel device in a vertical orientation ; layers and on the bitlines and drain voltage contacts ; 
a gate positioned around the stacked n - channel device and FIGS . 7A and 75 are cross - sectional views of exemplary 
p - channel device ; and at least one source region and at least embodiments of process flow in which heteroepitaxial layers 
one drain region extending from each of the n - channel 55 are formed on substrates ; 
device and the p - channel device . Each of the at least one FIGS . 8A and 8B are cross - sectional views of an exem 
source region and the at least one drain region within the plary embodiment of process flow in which the heteroepi 
stacked n - channel device and p - channel device are indepen - taxial layers of FIG . 7A are patterned ; 
dently contacted . FIGS . 9A and 9B are cross - sectional views of an exem 

In another aspect , a unit cell for a transistor structure 60 plary embodiment of process flow in which a dummy gate 
comprises a junctionless PFET device comprising at least and sidewall spacers are formed over the patterned het 
one layer of a p - doped material ; a junctionless NFET device eroepitaxial layers ; 
comprising at least two layers of an n - doped material FIGS . 10A and 10B are cross - sectional views of an 
stacked on the junctionless PFET device ; an inverter gate exemplary embodiment of process flow in which sacrificial 
wrapped around the stacked junctionless PFET device and 65 layers are removed from the heteroepitaxial layers ; 
junctionless NFET device ; a passgate wrapped around the FIGS . 11A and 11B are cross - sectional views of an 
stacked junctionless PFET device and junctionless NFET exemplary embodiment of process flow in which a dielectric 
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co 

isolation material is deposited in open spaces adjacent to the formed for release of the junctionless channels . Accordingly , 
sidewall spacers and between heteroepitaxial layers ; junctionless NFET and PFET devices may be formed using 
FIGS . 12A and 12B are cross - sectional views of an one epitaxial growth recipe , with a single wrap - around gate 

exemplary embodiment of the structure of FIGS . 11A and for both stacked channels . Such a structure allows circuit 
11B in which the dummy gate is removed ; 5 density to be increased without increasing the scaling of gate 
FIGS . 13A and 13B are cross - sectional views of an length or gate pitch . This enables a basic inverter construc 

exemplary embodiment of the structure of process flow in tion to be carried out using a single “ fin ” configuration . A 
which a gate dielectric layer and a workfunction metal is buffer may also be embodied with a “ two - fin ” configuration . 
deposited ; Thus , junctionless NFET and PFET devices may form an 

FIGS . 14A and 14B are cross - sectional views of an 10 SRAM cell using the two - fin configuration . In such a 
exemplary embodiment of process flow in which a replace configuration , tunability in gamma and beta ratios may be 
ment metal gate is formed on the gate dielectric layer and the achieved through a combination of epitaxial channel thick 
workfunction metal ; ness and the in - situ doping . The in - situ doping can be 

FIGS . 15 - 17 are cross - sectional views of exemplary individually tuned or optimized to enhance the performance 
embodiments of process flow in which a first set of contacts 15 of each of the NFET and PFET devices . 
are formed in the structure ; The structure 100 may comprise regions of vertically 

FIG . 18 is a cross - sectional view of an exemplary embodi - stacked layers of n - doped material 110 and p - doped material 
ment of process flow in which a second set of contacts is 120 alternatingly arranged with layers of dielectric material . 
formed in the structure ; The layers of the n - doped material 110 , the p - doped material 

FIGS . 19A and 19B are cross - sectional views of exem - 20 120 , and the dielectric material 125 may also be arranged 
plary embodiments showing various geometric variations of with gate structures to form n - channel devices ( e . g . , the 
structures having junctionless channels ; and NFETs ) and p - channel devices ( e . g . , the PFETs ) , with the 

FIG . 20 is a logic flow diagram that illustrates the n - doped material 110 and the p - doped material 120 being 
operation of an exemplary method , and a result of execution doped in - situ , and with contacts ( shown at V 1411 , GND , V . 
of computer program instructions embodied on a computer 25 and BL1 ) extending to the n - doped material 110 or the 
readable memory , in accordance with an exemplary embodi - p - doped material 120 of the vertically stacked layers . The 
ment of the methods for forming the structures described vertically stacked layers of the n - doped material 110 and the 
herein . p - doped material 120 may be disposed on an oxide layer 

140 , which may be disposed on a substrate 150 ( e . g . , 
DETAILED DESCRIPTION 30 silicon - on - insulator ( SOI ) or , in the alternative , bulk sili 

con ) . As shown , the structure 100 comprises an inverter 160 
The term " exemplary " is used herein to mean “ serving as arranged with a passgate 170 to form a portion of the SRAM 

an example , instance , or illustration . ” Any embodiment unit cell . The inverter 160 may include an inverter gate 
described herein as " exemplary ” is not necessarily to be structure 165 having sidewall spacers 168 disposed in the 
construed as preferred or advantageous over other embodi - 35 vertically stacked layers . The passgate 170 may include a 
ments . All of the embodiments described in this Detailed gate structure 175 having sidewall spacers 178 with a 
Description are exemplary embodiments provided to enable wordline contact WL1 coupled to the gate structure 175 
persons skilled in the art to make or use the invention and not disposed in the vertically stacked layers and a bitline contact 
to limit the scope of the invention which is defined by the BL1 coupled to a layer of the n - doped material 110 . 
claims . 40 Referring to FIG . 2 , one exemplary embodiment of a 

The terms “ epitaxial growth and / or deposition ” and “ epi - portion of the inverter 160 for use in the structure 100 is 
taxially formed and / or grown ” mean the growth of a semi - shown . The inverter 160 may comprise stacked layers of the 
conductor material on a deposition surface of a semicon - n - doped material 110 , the p - doped material 120 , and the 
ductor material , in which the semiconductor material being dielectric material 125 disposed adjacent to the transversely 
grown has the same crystalline characteristics as the semi - 45 positioned inverter gate structure 165 having a voltage input 
conductor material of the deposition surface . In an epitaxial contact ( V ; as the contact . As shown , on one side of the 
deposition process , the chemical reactants provided by inverter gate structure 165 , the stacked layers of the n - doped 
source gases are controlled and the system parameters are material 110 , the p - doped material 120 , and the dielectric 
set so that the depositing atoms arrive at the deposition material 125 are configured to receive a voltage output 
surface of the semiconductor substrate with sufficient energy 50 contact ( V ) as the contact on an underlying layer of the 
to alter their locations on the surface and orient themselves p - doped material 120 . On an opposite side of the inverter 
to the crystal arrangement of the atoms of the deposition gate structure 165 , the stacked layers of the n - doped material 
surface . Therefore , an epitaxial semiconductor material has 110 , the p - doped material 120 , and the dielectric material 
the same crystalline characteristics as the deposition surface 125 are configured to receive a ground contact ( Gnd ) as the 
on which it is formed . For example , an epitaxial semicon - 55 contact on a layer of the n - doped material 110 and a drain 
ductor material deposited on a { 100 } crystal surface will voltage contact ( Vad ) on a layer of the p - doped material 
take on a { 100 } orientation . In some embodiments , epitaxial 120 . 
growth and / or deposition processes are selective to forming Referring to FIG . 3 , a portion of the inverter 160 is shown 
on semiconductor surfaces and do not deposit material on with the passgate 170 ( with a via for the wordline contact 
dielectric surfaces , such as silicon dioxide or silicon nitride 60 WL1 ) and associated stacked layers of the n - doped material 
surfaces . 110 , the p - doped material 120 , and the dielectric material . 

Referring to FIG . 1 , one exemplary embodiment of a 125 as a portion of the SRAM sub - cell , indicated at 300 , and 
transistor structure used to form an SRAM unit cell is used to form the structure 100 . As shown , the portion of the 
designated generally by the reference number 100 and is inverter 160 having the stacked layers of the n - doped 
hereinafter referred to as " structure 100 . ” In the structure 65 material 110 , the p - doped material 120 , and the dielectric 
100 , in - situ doped junctionless channels may be formed by material 125 configured to receive the V . contact may be 
epitaxial growth , with sacrificial epitaxial layers also being positioned adjacent to the passgate 170 . Stacked layers of 



US 10 , 170 , 485 B2 

the n - doped material 110 , the p - doped material 120 , and the Referring back to FIG . 7A , the SOI substrate 710 may be 
dielectric material 125 on an opposite side of the passgate provided as having a handle portion 730 and an SOI layer , 
170 are configured to receive the bitline contact BL1 with a buried oxide layer 735 ( BOX layer 735 ) therebe 
coupled to a layer of the n - doped material 110 . tween . The SOI layer comprises a layer of p - type material 

Referring to FIG . 4 , one exemplary embodiment of a 5 that is doped in - situ to form the bottom layer of p - doped 
transistor structure forming at least a portion of an SRAM material 120 . Alternating layers of a sacrificial material 740 
unit cell is shown generally at 400 . The SRAM unit cell 400 and an n - type material , which is doped in - situ to form the 
may comprise reciprocally - oriented configurations of two layers of n - doped material 110 , are epitaxially grown and / or 
SRAM sub - cells as depicted in FIG . 3 . For example , the deposited or otherwise formed on the layer of the p - doped 
SRAM sub - cell 300 may be arranged with a second SRAM 10 material 120 to form the heteroepitaxial stack 720 . The 

sacrificial material 740 may be silicon germanium ( Site ) . sub - cell 310 having a second gate structure 375 and a via for For the n - type material , the in - situ doping may be with a second wordline contact WL2 , a second inverter gate phosphorous and / or arsenic during the epitaxial growth . For 
structure 365 , a via for a second bitline BL2 , and a via for the p - type material , the in - situ doping may be with boron . 
a second drain voltage contact V dd2 ) . The first SRAM 15 Referring to FIGS . 8A and 8B . the process flow 700 is 
sub - cell 300 is coupled to the second inverter gate structure continued by patterning the nanosheets of the heteroepitaxial 
365 of the second SRAM sub - cell 310 using a first inter stack 720 . The resulting structure comprises a thin stack of 
connect layer 301 , and the second SRAM sub - cell 310 is the layers of sacrificial material 740 and n - doped material 
coupled to the inverter gate structure 165 of the first SRAM 110 , on the p - doped material 120 , having a length L ( FIG . 
sub - cell 300 using a second interconnect layer 311 . A third 20 8A ) and having a width W ( FIG . 8B ) . 
interconnect layer 302 may be coupled to the Gnd ( not Referring to FIGS . 9A and 9B , a dummy gate 900 and 
shown ) on the first SRAM sub - cell 300 , and a fourth sidewall spacers 168 may be formed perpendicularly over 
interconnect layer 312 may be coupled to a second ground the cut nanosheets of the heteroepitaxial stack 720 . The 
( not shown ) on the second SRAM sub - cell 310 . The third dummy gate 900 and sidewall spacers 168 are elongated and 
interconnect layer 302 and the fourth interconnect layer 312 25 formed across the nanosheets of the heteroepitaxial stack 
may be coupled to an M1 metal layer ( in FIG . 5 ) using a via 720 along the length L and transverse to the width W . FIG . 
Vx1 and a via Vx2 , respectively , to form suitable local 9A shows the dummy gate 900 and sidewall spacers 168 
connections to M1 metal layers . along the length L , and FIG . 9B shows the dummy gate 900 

Referring to FIG . 5 , a first M1 metal layer 510 may be and sidewall spacers 168 along the width W . The deposition 
disposed in contact with the via for the wordline contact 30 of the dummy gate 900 and sidewall spacers 168 may be by 
WL1 ( not shown ) on the gate structure 175 , a second M1 any suitable technique . For example , a dummy gate oxide 
metal layer 520 may be disposed in contact with the via for layer 920 may be disposed at least across the portion of the 
the wordline contact WL2 ( not shown ) on the gate structure cut nanosheets forming the heteroepitaxial stack 720 . A 
375 , and a ground M1 metal layer 530 may be disposed in layer of polysilicon material may be disposed on the dummy 
direct contact with the via V , and the via V . ( not shown ) . 35 gate oxide layer 920 and subsequently etched to form the 
Also , a third M1 layer 532 may be disposed on the inverter dummy gate structures . The sidewall spacers 168 may then 
of the first SRAM sub - cell 300 , and a fourth M1 layer 534 be deposited or epitaxially grown , deposited , or formed on 
may be disposed on the inverter of the second SRAM the sides of the polysilicon material by any suitable method . 
sub - cell 310 ( with accompanying V1 vias 537 , 539 ) , each of Suitable processes for the deposition of layers and materials 
the third M1 layer 532 and fourth M1 layer 534 being 40 described herein include , but are not limited to , chemical 
configured for the routing of power ( V dd ) to their associated vapor deposition ( CVD ) processes . 
SRAM sub - cell . Referring to FIGS . 10A and 10B , the layers of the 

Referring to FIG . 6 , a first M2 metal layer 610 may be sacrificial material 740 may be selectively removed by an 
coupled to the bitline BL1 , and a second M2 metal layer 620 aqueous hot phosphoric acid ( H2PO4 ) wash . Upon removal 
may be coupled to the bitline BL2 . A third M2 metal layer 45 of the sacrificial material 740 , the layers of n - doped material 
630 may be connected to the Vaa through the V1 vias 537 , 110 and the layers of p - doped material 120 are spaced apart , 
539 ( FIG . 5 ) . The bitline BL1 and the bitline BL2 may with open spaces remaining along the length L of the 
couple various portions of the transistor structure to the M2 nanosheets forming the heteroepitaxial stack 720 as well as 
metal layers . Thus , an SRAM layout may incorporate along the width W parallel to and inside the gate structure . 
approximately five M1 metal layers and three . M2 metal 50 Referring to FIGS . 11A and 11B , the open areas resulting 
layers , which may include all of the power , ground , word from the removal of the sacrificial material 740 from the 
line , and bitline connections . heteroepitaxial stack 720 may be filled with a dielectric 

Referring to FIGS . 7A - 19 , an example embodiment of a isolation material 1100 . The dielectric isolation material 
process flow to form the structure 100 having an SRAM 1100 may also be used to fill areas adjacent to the dummy 
sub - cell 300 as described herein is shown generally at 700 55 gate structure ( the dummy gate 900 and the sidewall spacers 
and is hereinafter referred to as “ process flow 700 . ” The 168 ) . The dielectric isolation material 1100 may comprise , 
process of forming the SRAM sub - cell 300 may utilize a for example , any suitable silicon oxide ( SiO ) , such as 
substrate 150 comprising silicon - on - insulator ( SOI ) sub - silicon dioxide ( SiO2 ) . The resulting structure may then be 
strate 710 as shown in FIG . 7A , or it may utilize a substrate planarized using a chemical mechanical polish ( CMP ) . 
750 comprising bulk material as shown in FIG . 7B . Process 60 Referring to FIGS . 12A and 12B , the dummy gate 900 
flow 700 is hereinafter described as using the SOT substrate may be removed . The dummy gate 900 may be removed by , 
710 , although it should be understood that the process flow for example , a wet etching process ( e . g . , using phosphoric 
700 is not so limited and that the substrate 750 comprising acid ( H2PO2 ) ) , thereby leaving the dummy gate oxide layer 
bulk material may be used . In either embodiment , nanosheet 920 and the dielectric isolation material 1100 . 
channel materials are epitaxially grown and / or deposited or 65 Referring to FIGS . 13A and 133 , the dummy gate oxide 
otherwise formed on the substrate ( or substrate / intervening layer 920 may be removed , for example , using a dry etch 
layer combination ) to form a heteroepitaxial stack 720 . process ( e . g . , a reactive ion etch ( RIE ) , plasma etching , or 
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the like ) . The dielectric isolation material 1100 may also be the etching to form the open area 1510 may be carried out 
removed from under the dummy gate oxide layer 920 and include , but are not limited to , RIE . 
from between the layers of n - doped material 110 and the Referring now to FIG . 16 , the open area 1510 may be 
layers of p - doped material 120 . In embodiments in which the filled with the dielectric isolation material 1100 ( e . g . , by 
substrate is the SOI substrate 710 and includes the BOX 5 CVD ) , thus terminating the layers of n - doped material 110 
laver 735 , in removing the dummy gate oxide layer 920 . the in the dielectric isolation material 1100 . A planarization may 
BOX layer 735 may be undercut to remove portions of be carried out using CMP . b 
dielectric isolation material from under the sidewall spacers Referring now to FIG . 17 , the dielectric isolation material 

1100 may be etched again using RIE completely through to 168 . Undercutting , however , may be limited in order to limit 
an amount of fringe capacitance in the finished structure . 10 the bottom nanosheet layer ( e . g . , down to the layer of 

p - doped material 120 ) . A first contact 1700 ( e . g . , a drain Undercutting also fully releases the bottom nanosheet layer voltage contact ( Vd ) ) may be formed in the dielectric forming the layer of p - doped material 120 from the BOX isolation material 1100 such that the first contact 1700 layer 735 ( which is not the case in embodiments in which the engages the bottom nanosheet layer but does not engage the substrate comprises bulk material as shown in FIG . 7B ) . 15 layers of n - doped material 110 . Also , a second contact 1710 Once the dummy gate oxide layer 920 is removed and the ( e . g . , a voltage output contact ( V ) ) ) may be formed such 
dielectric isolation material 1100 is removed from between that the second contact 1710 extends through and engages 
the layers of n - doped material 110 and the layers of p - doped the layers of the n - doped material 110 , extending down to 
material 120 , a gate dielectric 1300 comprising one or more the layer of the p - doped material 120 . 
dielectric layers , such as a high - k dielectric and an interfa - 20 Referring now to FIG . 18 , a second contact formation 
cial oxide may be deposited and / or formed on the channel 1800 may be formed in which contacts extend to the lower 
surface such as on inner surfaces of the sidewall spacers 168 , layer of n - doped material 110 . The contacts may be formed 
on the SOI layer defined by the layer of p - doped material by etching through the dielectric isolation material 1100 and 
120 between the sidewall spacers 168 , between the layers of through upper layers of the n - doped material 110 , as nec 
the n - doped material 110 and the p - doped material 120 , and 25 essary , using RIE . A third contact 1810 ( e . g . , a Gnd ) and a 
in the undercut areas under the sidewall spacers 168 . The fourth contact 1820 ( e . g . , BL1 ) may be formed in the 
interfacial oxide may be disposed between the high - k dielec - dielectric isolation material 1100 such that the third contact 
tric and the channel surfaces . A workfunction metal 1310 1810 and the fourth contact 1820 terminate on the lower 
may be deposited on exposed surfaces of the gate dielectric n - doped layers 110 . Upon formation of the first contact 
1300 , e . g . , on the gate dielectric 1300 on the vertical 30 formation 1500 and the second contact formation 1800 , all 
surfaces of the sidewall spacers 168 , on the gate dielectric or part of the structure 100 , suitable for use as an SRAM unit 
1300 in the undercut areas , and between the layers of gate cell , is formed . 
dielectric 1300 on the n - doped material 110 and on the Referring now to FIGS . 19A and 19B , various geometric 
p - doped material 120 . The gate dielectric 1300 may be variations may be incorporated into the structure 100 to form 
deposited using a CVD technique . The workfunction metal 35 the junctionless channels . As shown in FIG . 19A , the in - situ 
1310 may be up to about 5 nanometers ( nm ) in thickness , doped n - type and p - type materials of the heteroepitaxial 
may comprise one or a combination of metals , and is stack may be arranged as thin nanosheets in order to achieve 
generally deposited using an atomic layer deposition tech sufficient electrostatic control . Gamma and beta ratios may 
nique . be determined by the number of n - doped layers forming 

As shown , the layers of the n - doped material 110 and the 40 junctionless NFETs 1900 and the number of p - doped layers 
layers of the p - doped material 120 , having the gate dielectric forming a junctionless PFET 1910 , the junctionless NFETS 
1300 and the workfunction metal 1310 disposed therebe - 1900 and the junctionless PFET 1910 being arranged as 
tween , may define NFETs . and PFETs having junctionless nanosheets . A nanosheet channel release at the gate ( e . g . , the 
channels . For example , the layers of the n - doped material RMG ) may utilize an oxide etch of at least half of the 
110 may define an NFET , and the layers of the p - doped 45 nanosheet width . This may result in significant undercut 
material 120 may define a PFET , the NFET and the PFET under the sidewall spacers and therefore further result in a 
not having a junction therebetween . high value of outer fringe capacitance . 

Referring to FIGS . 14A and 14B , a metal gate material As shown in FIG . 19B , the in - situ doped n - type and 
1400 may be deposited on the workfunction metal 1310 top - type materials of the heteroepitaxial stack may be 
form a replacement metal gate ( RMG ) . The metal gate 50 arranged to have a substantially vertical orientation , thus 
material 1400 may be deposited by any suitable gate fill resulting in epitaxially grown channels comprising a junc 
method , including , but not limited to , CVD . Once deposited , tionless NFET 1950 and a junctionless PFET 1960 , both 
upper surfaces of the metal gate material 1400 , sidewall being arranged as fin - like structures . In such a fin - like 
spacers 168 , and the dielectric isolation material 1100 may structure , gamma and beta ratios may be determined by 
be planarized ( e . g . , by CMP ) . 55 as - grown NFET and PFET channel thickness ( fin height ) . 

Referring now to FIG . 15 , a first contact formation 1500 Such fin - like structures are generally patterned narrowly for 
may be formed in which contacts extend through the layers electrostatic control , which also results in channel release at 
of n - doped material 110 to the layer of p - doped material 120 . the RMG being less aggressive as compared to nanosheet 
The contacts may be formed by etching through the dielec - like structures ( owing to a smaller width ) . Accordingly , less 
tric isolation material 1100 and through the layers of the 60 undercut is realized , which also results in a lower value of 
n - doped material 110 , as necessary , using RIE for example . outer fringe capacitance . 
As shown , an etching may form an open area 1510 and may FIG . 20 is a logic flow diagram that illustrates the 
terminate before the layer of p - doped material 120 , thereby operation of a method 2000 , in accordance with the exem 
leaving a thin layer of dielectric isolation material 1100 over plary embodiments . In accordance with one exemplary 
the layer of p - doped material 120 to avoid shorting Vad to 65 embodiment , in block 2010 , a heteroepitaxial stack of layers 
ground . Also , etching to form the open area 1510 may cause of n - doped material and p - doped material are arranged 
the termination of the n - doped layers 110 . Methods by which alternatingly with a sacrificial material on an SOI substrate . 



US 10 , 170 , 485 B2 
10 

As shown in block 2015 , the resulting heteroepitaxial stack contact extending to the inverter gate ; and a wordline 
of layers is patterned . As shown in block 2020 , a dummy contact extending to the passgate . 
gate oxide layer , a dummy gate , and sidewall spacers are The first set of contacts extending to the p - doped material 
perpendicularly deposited over the patterned heteroepitaxial may comprise a drain contact , and the second set of contacts 
stack . As shown in black 2025 , the sacrificial material is 5 extending to the n - doped material may comprise a source 
removed , leaving spaced layers of n - doped material and contact . The junctionless PFET device may comprise at least 
p - doped material . The areas adjacent to the dummy gate and one layer of the p - doped material alternatingly arranged with 
open areas resulting from the removal of the sacrificial at least one layer of a dielectric material , and the junctionless 

NFET device may comprise at least two layers of the material are filled with dielectric isolation material , as 
shown in block 2030 . As shown in block 2035 , the dummy 10 n - doped material alternatingly arranged with at least one 

layer of the dielectric material . The p - doped material may be gate and the dummy gate oxide layer are removed . A gate doped with boron and the n - doped material may be doped dielectric may be formed , as shown in block 2040 . In block with one or more of phosphorous and arsenic . The junction 2042 , a workfunction metal may be deposited on the gate less PFET device and the junctionless NFET device may be 
dielectric . As shown in block 2045 , a metal gate material 15 15 located on a substrate comprising bulk silicon or SOI . Each 
may be deposited over the workfunction metal . As shown in of the inverter gate and the passgate may comprise sidewall 
block 2050 , first and second contact formations are formed spacers and a fill metal disposed between the sidewall 
with the devices to form an SRAM unit cell having junc spacers , gate dielectric disposed on layers of n - doped mate 
tionless channels . rial and p - doped material under the fill metal , and a work 

The various blocks of method 2000 shown in FIG . 20 may 20 function metal disposed on the gate dielectric . At least one 
be viewed as method steps , and / or as operations that result of the gate dielectric under the fill metal and the workfunc 
from operation of computer program code , and / or as a tion metal may extend under the sidewall spacers . The unit 
plurality of coupled logic circuit elements constructed to cell may be a structure for a static random access memory 
carry out the associated function ( s ) . cell . 

Referring now to all the Figures , in one exemplary 25 In another exemplary embodiment , a method comprises 
embodiment , a structure comprises a first channel region forming a heteroepitaxial stack of layers of a p - doped 
forming an n - channel device ; a second channel region material , an n - doped material , and a sacrificial material , 
forming a p - channel device , the p - channel device being patterning the heteroepitaxial stack ; forming a dummy gate 
stacked with the n - channel device in a vertical orientation ; on the patterned heteroepitaxial stack ; forming sidewall 
a gate positioned around the stacked n - channel device and 30 spacers on the dummy gate ; removing the sacrificial material 
p - channel device ; and at least one source region and at least from between the layers of p - doped material and n - doped 
one drain region extending from each of the n - channel material ; depositing a dielectric isolation material adjacent 
device and the p - channel device . Each of the at least one the sidewall spacers and between the layers of p - doped 
source region and the at least one drain region within the material and n - doped material ; removing the dummy gate to 
stacked n - channel device and p - channel device are indepen - 35 form a gate opening ; removing the dielectric isolation mate 
dently contacted . rial from between the layers of p - doped material and 

The first channel region forming an n - channel device may n - doped material ; depositing a gate dielectric on surfaces in 
form a junctionless NFET device , and the second channel the gate opening and on the layers of p - doped material and 
region forming a p - channel device may form a junctionless n - doped material under the gate opening ; depositing a 
PFET device . The first channel region forming an n - channel 40 workfunction metal on the gate dielectric ; filling the gate 
device may include at least one layer of an n - doped material opening with a fill metal ; and forming contacts to the layers 
alternatingly arranged with at least one layer of a dielectric of p - doped material and n - doped material . The deposited 
material , and the second channel region forming a p - channel gate dielectric on the layers of p - doped material and n - doped 
device may include at least one layer of a p - doped material material and the deposited workfunction metal define junc 
alternatingly arranged with at least one layer of the dielectric 45 tionless field effect transistor devices . 
material . The first channel region forming an n - channel Forming a heteroepitaxial stack of layers of p - doped 
device may comprise at least two layers of an n - doped material and n - doped material may comprise epitaxially 
material , and the second channel region forming a p - channel forming layers on a substrate and doping the formed layers 
device may comprise at least one layer of a p - doped mate in situ . Forming a heteroepitaxial stack of layers of p - doped 
rial . The n - doped material may be doped with one or more 50 material and n - doped material may further comprise epi 
of phosphorous and arsenic , and the p - doped material may taxially forming the sacrificial material alternatingly 
be doped with boron . The p - channel device and the stacked between the epitaxially formed and doped layers . Removing 
n - channel device may be arranged as nanosheets . The the dielectric isolation material from between the layers of 
p - channel device and the stacked n - channel device may be p - doped material and n - doped material may further com 
arranged as fins . 55 prise removing a portion of the dielectric isolation material 

In another exemplary embodiment , a unit cell for a from under the sidewall spacers . 
transistor structure comprises a junctionless PFET device I n the foregoing description , numerous specific details are 
comprising at least one layer of a p - doped material ; a set forth , such as particular structures , components , materi 
junctionless NFET device comprising at least two layers of als , dimensions , processing steps , and techniques , in order to 
an n - doped material stacked on the junctionless PFET 60 provide a thorough understanding of the exemplary embodi 
device ; an inverter gate wrapped around the stacked junc - ments disclosed herein . However , it will be appreciated by 
tionless PFET device and junctionless NFET device ; a one of ordinary skill of the art that the exemplary embodi 
passgate wrapped around the stacked junctionless PFET ments disclosed herein may be practiced without these 
device and junctionless NFET device ; a first set of contacts specific details . Additionally , details of well - known struc 
extending to the p - doped material of the junctionless PFET 65 tures or processing steps may have been omitted or may 
device ; a second set of contacts extending to the n - doped have not been described in order to avoid obscuring the 
material of the junctionless NFET device ; a voltage input presented embodiments . It will be understood that when an 
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element as a layer , region , or substrate is referred to as being 6 . The method of claim 1 , wherein forming the p - doped 
“ on ” or “ over ” another element , it can be directly on the material of the heteroepitaxial stack of layers comprises 
other element or intervening elements may also be present . doping with boron . 
In contrast , when an element is referred to as being " directly 7 . The method of claim 1 , wherein forming the n - doped 
on ” or “ directly ” over another element , there are no inter - 5 material of the heteroepitaxial stack of layer comprises 
vening elements present . It will also be understood that doping with one or more of phosphorous and arsenic . 
when an element is referred to as being “ beneath ” or “ under ” . 8 . The method of claim 1 , wherein forming a dummy gate 
another element , it can be directly beneath or under the other comprises depositing a dummy gate oxide on the heteroepi 
element , or intervening elements may be present . In con taxial stack of layers , depositing a layer of polysilicon trast , when an element is referred to as being “ directly 10 material on the dummy gate oxide layer , and etching the beneath ” or “ directly under ” another element , there are no dummy gate oxide and the polysilicon material to form the intervening elements present . 

The description of the present invention has been pre dummy gate . 
sented for purposes of illustration and description , but is not 9 . The method of claim 8 , wherein forming sidewall 
intended to be exhaustive or limiting in the form disclosed . 15 spacers on the dummy gate comprises epitaxially growing , 
Many modifications and variations will be apparent to those depositing , or forming the sidewall spacers on sides of the 
of ordinary skill in the art without departing from the scope polysilicon material . 
of the invention . The embodiments were chosen and 10 . The method of claim 9 , wherein the sidewall spacers 
described in order to best explain the principles of the are deposited on the sides of the polysilicon material using 
invention and the practical applications , and to enable others 20 a chemical vapor deposition process . 
of ordinary skill in the art to understand the invention for 11 . The method of claim 1 , wherein removing the dummy 
various embodiments with various modifications as are gate to form the gate opening comprises applying a wet 
suited to the particular uses contemplated . etching process . 
What is claimed is : 12 . The method of claim 1 , wherein removing the sacri 
1 . A method , comprising : 25 ficial material from between the layers of p - doped material 
forming a heteroepitaxial stack of layers of a p - doped and n - doped material comprises applying an aqueous hot 
material , an n - doped material , and a sacrificial material ; phosphoric acid wash to the heteroepitaxial stack of layers . 

patterning the heteroepitaxial stack ; 13 . The method of claim 1 , wherein the gate dielectric is forming a dummy gate on the patterned heteroepitaxial deposited using a chemical vapor deposition technique . 
stack ; 30 14 . The method of claim 1 , wherein the workfunction forming sidewall spacers on the dummy gate ; metal is deposited using atomic layer deposition . removing the sacrificial material from between the layers 15 . A method , comprising : of p - doped material and n - doped material ; 

depositing a dielectric isolation material adjacent the forming a stack of layers of a p - doped material and an 
n - doped material on a substrate , each of the layers of sidewall spacers and between the layers of p - doped 35 

material and n - doped material ; the p - doped material and the n - doped material being 
removing the dummy gate to form a gate opening ; separated from each other ; 
removing the dielectric isolation material from between forming a gate opening in the stack ; 

the layers of p - doped material and n - doped material ; depositing a gate dielectric material and a workfunction 
depositing a gate dielectric on surfaces in the gate opening 40 material between the separated layers of p - doped mate 

and on the layers of p - doped material and n - doped rial and n - doped material ; 
material under the gate opening ; filling the gate opening with a fill metal ; and 

depositing a workfunction metal on the gate dielectric ; forming a first contact arrangement to the layer of 
filling the gate opening with a fill metal ; and p - doped material and a second contact arrangement to 
forming contacts to the layers of p - doped material and 45 the layer of n - doped material ; 

n - doped material ; wherein the gate dielectric material and the workfunction 
wherein the deposited gate dielectric on the layers of material define junctionless field effect transistors . 

p - doped material and n - doped material and the depos 16 . The method of claim 15 , wherein forming the layers 
ited workfunction metal define junctionless field effect of p - doped material comprises doping with boron . 
transistor devices . 50 17 . The method of claim 15 , wherein forming the layers 2 . The method of claim 1 , wherein forming a heteroepi of n - doped material comprises doping with one or more of taxial stack of layers of p - doped material and n - doped phosphorous and arsenic . material comprises epitaxially forming layers on a substrate 18 . The method of claim 15 , wherein the gate dielectric and doping the formed layers in situ . 

3 . The method of claim 2 , wherein forming a heteroepi - 55 s material is deposited using a chemical vapor deposition 
technique , and wherein the workfunction material is depos taxial stack of layers of p - doped material and n - doped 

material further comprises epitaxially forming the sacrificial ited using atomic layer deposition . 
material alternatingly between the epitaxially formed and 19 . The method of claim 15 , wherein forming the first 
doped layers . contact arrangement to the layer of p - doped material com 

4 . The method of claim 1 . wherein removing the dielectric 60 prises forming a first contact extending to and terminating 
isolation material from between the layers of p - doped mate on one of the layers of p - doped material without engaging a 
rial and n - doped material further comprises removing a layer of n - doped material and forming a second contact to 
portion of the dielectric isolation material from under the the layer of p - doped material extending through and engag 
sidewall spacers . ing at least one layer of n - doped material and terminating on 

5 . The method of claim 1 , wherein the heteroepitaxial 65 the layer of p - doped material . 
stack of layers is formed on an SOI substrate provided as 20 . The method of claim 19 , wherein forming the second 
having a handle portion and an SOI layer . contact arrangement to the layer of n - doped material com 



14 
US 10 , 170 , 485 B2 

13 
prises forming a third contact and a fourth contact each 
extending to and terminating on the layer of n - doped mate 
rial . 


